Abstract-The increasing penetration of variable and uncertain generation from renewable resources poses a challenge for balancing the power system supply and demand. Violations of this constraint seriously impact system reliability and thus carry with them a very high cost. In order to address the issues created by variable generation increased system flexibility is required. System operators are considering modifications to the conventional real-time economic dispatch model to provide improved ramp flexibility. In this paper an operational flexibility metric called lack of ramp probability (LORP) is proposed for the real-time economic dispatch. Further, a two-step robust optimization based framework is introduced to simultaneously guarantee LORP flexibility metric and ensure ramp deliverability in a multi-zonal setting. The proposed framework is illustrated on a 3-zone modified IEEE 73 bus (RTS-96) test system. Index Terms-Economic dispatch, electricity market, flexibility index, ramp constraints, renewable generation, robust optimization.
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I. INTRODUCTION
T HE increasing penetration of variable renewable generation in electrical grids worldwide has resulted in an emerging challenge to power system operators [1] - [3] . The associated increase in uncertainty and variability will affect many aspects of power systems, from planning to operations. In order to maintain system reliability under increasing penetration of renewables more reserve capacity will be needed [4] , [5] . Moreover, such reserves should be flexible in order to compensate for the variability of wind and thus avoid ramp insufficiency [6] . The lack of rampable capacity in a system could lead to curtailment of renewables. This could be a concern when integrating large amounts of variable renewables such as wind and solar. Thus, recently there has been an increased focus on the topic of flexibility in power systems [7] .
Research on this topic has been focused on how to define, quantify and procure flexibility for maintaining power system reliability. Menemenlis et al. [8] noted that the notion of flexibility relates to and should be defined within a specific problem formulation, rather than a single general-purpose measure. It uses a flexibility index based upon process control literature and applies it to the selection of level of balancing reserves for maintaining power system reliability under wind generation integration scenario. The North American Electric Reliability Corporation (NERC) has emphasized the need for incorporating flexibility metrics in planning studies to accommodate a greater amount of variable generation in power systems [9] . Lannoye et al. [10] proposed a flexibility metric called insufficient ramping resource expectation (IRRE) for use in long-term planning. It argues that this metric should be included in planning methodology for generator capacity expansion in systems with high penetration of variable generation. Ma et al. [11] proposed an offline index to estimate the technical ability of both individual generators and a portfolio of generating units to provide flexibility. A unit construction and commitment algorithm is presented to consider both investment costs and operational costs in making the optimal generation capacity expansion decision. Ulbig and Andersson [12] characterized the operational flexibility of a power system using the ramp-rate, power capacity and energy capacity. These three metrics, which are related through integration and differentiation operations in time, can be used to determine the amount of renewables that can be integrated into a given system through extensive simulations. However, transmission constraints are not considered in this assessment.
While researchers have focused on designing and procuring flexibility at the planning stage [10] , there exists an equally if not more pressing need for flexibility at the operational stage [13] . From the short-term power system operations perspective, the limited controllability and high variability of renewable power output is a major issue. Net load, which is the difference between electrical load and renewable power, is more variable than electrical load and this variability increases as the penetration of renewables in a system increases. Also, net load has steeper ramps, shorter peaks, and lower turn-downs than load by itself [14] . Several examples have been noted of severe net load ramp events within a one hour timeframe [9] .
Failure to meet such steep net load ramp events would cause both physical and market operations volatilities. Several system operators are facing the issue of temporary price spikes in the real-time economic dispatch market [15] . These price spikes are mainly caused by a shortage of system ramp capability and are indicative of a need for greater flexibility in dispatch. Many technological solutions have been proposed to mitigate the lack of ramp flexibility in power systems with high penetration of renewables. Such solutions include energy storage, demand response, and fast ramping units. While these technologies would provide a portfolio of choices to the system operator, there is an urgent need to design a market mechanism so that different technologies can compete and be valued for their contribution to system flexibility. Some system operators are currently investigating new market products (based on deterministic approach) in order to create additional flexibility in the dispatch, so as to reduce the frequency of ramp shortages and price spikes [16] , [17] . However, the deterministic method requires exogenous reserves, leading to a relatively inefficient model. Wang and Hobbs [18] suggest a stochastic approach with endogenously obtained reserves. Papavasiliou and Oren [19] present a day-ahead stochastic unit commitment model and a deterministic economic dispatch model to address the ramping issue due to high wind penetration.
There is a need for a ramp centric metric for inter-temporal flexibility assessment in the real-time operations time scale, which can be used by system operators for situational awareness. This paper is directly aimed at creating a rigorous yet intuitive flexibility metric as well as designing a market construct for the procurement of such inter-temporal operational flexibility. Inspired by the commonly used reliability metric, loss of load probability (LOLP), we propose the lack of ramp probability (LORP) as an operational metric for flexibility in real-time economic dispatch [20] . It determines the level of risk of ramp capacity shortage associated with a dispatch decision. The LORP metric can also be used independently of the proposed robust dispatch model, to assess the system flexibility under existing and other proposed real-time economic dispatch models, such as conventional dispatch, look-ahead dispatch and dispatch with ramp capability constraints.
In this paper, a multi-period robust optimization based framework is proposed as a market construct for the procurement of flexibility from various flexible resources while observing inter-zonal transmission constraints. Researchers have proposed the application of the robust optimization approach to the unit commitment problem in power systems [21] - [23] . Robust optimization has certain useful features when compared to the stochastic optimization approach which is used in [18] , [19] . The stochastic model solves for the expected value by considering a large number of scenarios, leading to a large problem size. Through the use of uncertainty sets rather than a large number of scenarios, the computational effort is reduced in the robust optimization approach. Also, detailed information on the distribution of the uncertain variable is not required. Further, tractability can be maintained through an appropriate choice of the uncertainty set [24] . The robust solution is conservative since the worst case of uncertainty is considered, but this is acceptable in power systems where usually there is a high cost associated with constraint violation. For instance, in real-time electricity markets where Independent System Operators (ISOs) use shortage pricing to incentivize resources to contribute to maintaining the system energy balance. Wang and Hobbs [18] disregard transmission constraints in their work, whereas we consider them. Papavasiliou and Oren [19] consider the commitment and dispatch problems in the day-ahead timeframe. But a lot of ramping challenges are within the timeframe of about an hour, due to uncertainty and variability in renewables. The forecast error on day-ahead horizon for wind production is quite significant. Therefore, it is more appropriate to deal with this issue in real-time economic dispatch than in unit commitment.
We propose a two-step robust economic dispatch approach that considers inter-zonal tie-line flows as well as uncertainty in zonal net load when obtaining the dispatch solution. This allows for the deliverability of procured ramp capability between operating zones. The two-step dispatch method combines the idea of procuring ramp capability on a zonal basis with the economic dispatch on a nodal basis. Currently, in real-time markets system operators procure reserves on a zonal basis. Thus the proposed approach fits well into the current operating procedure of system operators. By using a zonal aggregation in the first step, the two-step approach addresses the challenge of scaling the robust optimization model. Further, the dispatch solution in the proposed approach has lower generator dispatch costs when compared to a single-step nodal robust approach. Our approach allows for dispatch decisions to be made based on updated forecast information through a receding horizon optimization model.
The main contributions of this paper are:
• to propose an operational metric to quantify inter-temporal ramping flexibility at the real-time dispatch time scale.
• to introduce a system flexibility index with the presence of inter-zonal transmission constraints.
• to propose a robust optimization framework as a market construct to ensure the deliverability of ramping in a multizonal setting. The rest of this paper is organized as follows. Section II presents an overview of the proposed flexibility metric. Section III presents the formulation of the flexibility metric and the robust economic dispatch market construct. In Section IV a case study is presented. This is followed by concluding remarks and future work in Section V.
II. OVERVIEW OF LORP
In power systems operating reserves are used to maintain reliable system operation despite unpredicted events ranging from generator outages to unpredicted variations in load. Operating reserves are divided into different categories based on their usage and technical requirements [25] . Under current industry practice, operating reserves are calculated on a day-ahead basis. Contingency reserves are used in case of events such as outages of generation or transmission lines. Regulation reserves on the other hand deal with deviations from schedules within a dispatch period. Traditionally system operators have used deterministic methods for determining operating reserve requirements. For power systems with significant penetration of renewables, probabilistic methods of calculating the amount of reserves are being favored [5] .
Loss of load probability (LOLP) is often used as a reliability metric for generation adequacy. It is the probability that the combination of available generation and reserves will fall short of the system demand. Standard metrics such as the loss of load expectation (LOLE) and the expected energy not served (EENS) are used in planning studies by the power industry [26] . A system may have adequate generation capacity to meet the total demand, but may be unable to match the change in net load due to inadequate ramping capability of available generators. Moreover, the time frame and triggering condition associated with the deployment of contingency reserves does not cover unpredicted changes in net load that occur due to variability of renewables in the real-time dispatch horizon. Thus, the requirement of adequate system-wide ramp capability from controllable generators in the system falls into a separate category from contingency reserves. In the future as the penetration of asynchronous resources increases, in addition to ramping capability, systems may require new Ancillary Services to address the challenge posed by net load variability.
In power systems load forecasting has become fairly accurate with Mean Absolute Error (MAE) of forecast error % on the day-ahead horizon and MAE % on the hour-ahead horizon [27] , [28] . Whereas, for the regional wind power forecast the MAE can be 15% or higher for day-ahead, and as high as 11% for hour-ahead [29] . The causes of unpredicted ramp events include forecast errors in load, renewable power and net interchanges, as well as unscheduled outages of generators. Since net load forecasts depend on the renewable generation forecasts, the system operator may face a challenge due to the fact that the ramping requirement cannot be predicted accurately in advance. In such cases the system operators are not able to dispatch their generation resources effectively, and may require out-of-market actions by the operator in order to maintain power balance. Thus, operational flexibility is critical to the power system operator.
The real-time operational flexibility of a power system depends on the dispatch solution of the economic dispatch model and thus is dependent on the ramping capability of each generation resource. The flexibility metric proposed in this paper measures the ability of a system to use its generating resources to meet both expected net load changes as well as forecast errors. Analogous to the way LOLP measures the capacity adequacy of a power system, LORP measures the ability of the power system to meet the net load changes in the real-time operations time frame. LORP depends on the available inter-temporal ramp capability of the system. Further, LORP can be used to quantify the robustness of the dispatch solution, in order to provide guidance to the system operator. Another important issue is the deliverability of ramp capability between operating zones in a system. Thus, the LORP index should be calculated not only on a system-wide basis, but also on a zonal basis taking into account inter-zonal flows and tie-line flow limits.
LORP is independent of the economic dispatch model used by the system operator. It can be used with any existing or proposed economic dispatch model including the conventional security constrained economic dispatch (SCED), look-ahead dispatch or dispatch with ramp capability constraints. Thus, it can be used to compare the robustness of different dispatch methods. The data required to calculate LORP includes the minimum and maximum rated output, ramp up and ramp down rate, and the current dispatch level of each generation resource. While currently conventional generators are considered as providers of ramp capability, other resources such as energy storage or demand response can also provide flexibility, if they meet certain technical requirements specified by the system operator. The total upward or downward ramp capability provided by the resources may be different depending on the state of the resource.
Traditionally system operators have procured reserves on a zonal basis. Due to tie-line congestion deliverability of these reserves between zones is a concern [30] . Inter-zonal tie-line congestion would also have an impact on the operational flexibility of the system. Transmission line ratings can have an impact on the rampable capacity of a zone given that additional ramp power can be transferred over the tie-lines if needed. The available operational flexibility in a system or a zone is also a function of the resource mix. For example, a zone containing several fast ramping units such as natural gas generators would have greater rampable capacity in the short term than a zone primarily containing nuclear and coal generators. Thus, it is important to present a realistic assessment of zonal ramp capability for the system operator to have awareness of the operational flexibility of both the system as a whole as well as the zones comprising the system. The proposed system and zonal LORP metrics represent an attempt at providing such a situational awareness tool to enable a better understanding of the real-time operational flexibility of the system. The metrics alert the operator to the higher probability of a ramp shortage event. The operator can then act to change the manual load offset in the dispatch system so as to better manage system ramping. For instance the Midcontinent ISO currently uses manual offsets for load as well as for Net Schedule Interchange (NSI), for managing resource flexibility. Thus, the LORP metric can be used with the current conventional real-time economic dispatch model to provide useful information to the system operator. Additionally, in the future as more flexibility providing resources such as energy storage and demand response are included in the system, the dispatch decisions for these could be made based on the LORP metric.
III. DETAILED FORMULATIONS
In this section we present the formulation of the proposed flexibility metric as well as the economic dispatch model for ensuring ramp flexibility in multi-zonal power systems.
A. Inter-Temporal Operational Flexibility Metric
Due to the increasing penetration of variable renewable generation from sources such as wind and solar, power system operators are facing the challenge of managing the system under increased variability and uncertainty in net load. A particular aspect of this challenge is the impact of variable generation on the real-time economic dispatch time scale. At this time horizon it is difficult for system operators to adjust the output profile of their generation resources to handle large unpredicted net load ramp events. The lack of flexibility in dispatch leads to temporary price spikes in the real-time electricity market [15] . It is desirable to have a metric that can indicate when the system may have insufficient ramp capability and the probability of such a price spike occurring.
The system-wide lack of ramp probability provides an assessment of the adequacy of the available system ramping capability from dispatched generators to meet both expected changes as well as uncertainty in forecasted net load [20] . It is defined for the ramp up case as follows: (1) Similarly we can define the LORP index for the availability of system ramp down capability. (2) where is the system-wide net load for the interval time steps in the future, and is assumed to a Gaussian random variable with known mean and standard deviation. The mean can be taken to be the point forecast value of the net load and the standard deviation can be assumed based on historical data. The distribution is actually conditional, given knowledge of . If correlation information about load and wind is available then this can be used to improve the calculation of the pdf parameters. Further, the LORP concept can be applied to any empirical distribution of net load. Such an empirical distribution can be obtained using the historical data available to the system operator. The value is the probability that given the current dispatch levels the system operator will not be able to ramp up or down the dispatched generation resources to meet the net load in the future time interval. This concept is illustrated in Fig. 1 for the case of , where the shaded area under the curve represents the value. If the calculated LORP value is below the predetermined target value, the system operator may have to take action to procure additional ramp capability.
Under current ISO practices, reserves are dispatched on a zonal basis. Reserve zones are usually defined on the basis of utility boundaries, geography or significant congested transmission lines. However, deliverability of reserves is a concern due to tie-line congestion. We make an assumption that there is no uncertainty in the short term in the scheduled imports and exports for the zones. Thus we define the ramp up capability for each zone for as follows. 
where the Zonal Generator Ramp Power is the total available ramp capability from all the dispatched generators in a zone. Based on the definition of zonal ramp capability we can calculate the zonal LORP as:
Unlike the system-wide LORP, here inter-zonal tie-line flows are considered. The zonal LORP for the ramp down case can be defined similarly. For a given grouping of the buses in the system into zones, we can calculate the for each zone for a given dispatch solution. The value can be used by the system operator as an index for the reliability of the dispatch solution with regards to the ramping capability in a particular zone. If the value is too high, the operator may choose to import power from other zones or other ISOs in order to maintain ramp capability.
The difference between and is that uses the zonal ramp capability incorporating inter-zonal tie-line scheduled flows, whereas the system-wide index considers the total system ramp capability ignoring the tie-lines. Since we are not considering the intra-zonal transmission constraints when calculating , it is an optimistic estimate of the true probability of ramp shortage event. The metric enables the system operator to make a decision about sharing of ramping capability between zones. Also, it is not an overly conservative metric. We recognize that procuring ramp at the nodal level may not make physical sense at the nodes where there exists only a fixed/non-controllable demand. Therefore, defining the LORP metric at a nodal level does not provide actionable information to the system operator. Our future work will focus on a metric that includes limits on injections on a nodal basis.
B. Two Step Robust Economic Dispatch Model
Given the proposed flexibility metric, how does the system operator create a market mechanism to ensure the LORP level? A major consideration is to ensure ramp deliverability in a subarea/zone of a power system. To accommodate this we have proposed a two-step robust economic dispatch approach. In the first step, each zone is aggregated as an equivalent node with inter-zonal tie-line constraints observed. The ramping capability of the system for the worst case of net load is ensured and the tieline flows determined. This is fed into the second step dispatch, which is done at the nodal level while maintaining the tie-line flows and zonal ramping capability. The result of the proposed two-step dispatch will (i) ensure zonal level ramping capability, (ii) maintain the tie-line flows, and (iii) observe all transmission constraints.
The two-step robust economic dispatch model with network constraints is as follows:
Step 1: Robust Dispatch Step based on Zonal Aggregated Model In step 1 a robust optimization based economic dispatch is run on a reduced equivalent network. Using the bus aggregation approach presented in [31] the network can be reduced to one where each zone is reduced to a single bus with an aggregated net injection. All the generators and loads within an administrative zone are assumed to be co-located at this one bus. The intra-zonal flow limits are ignored and the inter-zonal tie-lines are aggregated to a single equivalent tie-line for each pair of zones. Then the reduced shift factor matrix is obtained for the reduced network.
The objective is to minimize total generation cost over all the time intervals (5). The system power balance constraint for the current time interval is given by (6) . Compared to the conventional dispatch model additional constraints are added in this model in order to ensure that the dispatch solution for future time intervals is feasible even in the worst case of zonal net load uncertainty (7). Other constraints include the generator power output limits (8) and the inter-temporal ramp rate limits for each generator (9) . The inter-zonal tie-line flow limits must be satisfied for the equivalent reduced system, namely (10) and (11) . At this step we do not consider the transmission line flow limits within the zones. The inter-zonal tie-lines are aggregated into a single equivalent line which has the combined flow limit of the lines in the original system. This approximation is reasonable given that the approach presented in [31] yields inter-zonal flows in the reduced system that closely match those in the original system for a realistic range of loading. While the limits on the equivalent tie-line are observed, in the case of multiple tie-lines between a given pair of zones, the limits on individual component tie-lines may not be observed for all cases of loading.
For buses without generators we have , and similarly for buses without loads we have . The deterministic uncertainty sets (12) defines the range of the uncertainty in the net load for the future time intervals. This is the key feature of robust optimization where the uncertainty is modeled using a deterministic set. The zonal net load is assumed to be uncertain, but lies within a defined range around the nominal or forecast value. The parameter controls the size of the uncertainty set. As it increases the solution becomes more conservative and the dispatch considers a higher level of uncertainty in the net load. We can assume that , where is a constant and is the standard deviation for the zonal net load which can be calculated using historical data.
can be selected by the system operator. It can be higher or lower based on the confidence in the net load forecast. For instance, we could select and hence have an uncertainty set spanning i.e., covering 99.73% of cases of uncertainty for a normal distribution. For the assumption of Gaussian distribution of uncertainty, the choice of the uncertainty set for the net load results in a bound on the value of LORP. Thus, the uncertainty set internalizes the desirable LORP requirement.
Step 2: Deterministic Nodal Security Constrained Dispatch Step In step 2 a deterministic optimization based economic dispatch is run on the full system. The inter-zonal flows in this step are constrained by bounds given by around the flows obtained from step 1 (18) . When the generator re-dispatch occurs, the tie-line flows are not necessarily less than the limit set in step 1, but could be as high as . In general, the likelihood of violation of the inter-zonal tie-line limits is related to the net load uncertainty in the system. The value of can be selected by the system operator based on acceptable short-term tie-line flow violations. Thus the deliverability of ramp capability is ensured by taking into consideration inter-zonal tie-line flows. The objective is to minimize total generator dispatch cost for the current time interval (13) . The ramp capability from all committed generators in each zone is maintained at the amount obtained in step 1 (17) . Other constraints include the demand-supply balance constraint (14) , generator output constraints (15), generator ramp rate limits (16) and transmission line flow limits for the intra-zonal lines (19) .
Procedure for Two
Step Robust Dispatch The procedure for the two step robust dispatch to be run by the system operator is as follows:
1) The ISO receives the real-time market generator bids for all time intervals in the horizon . 2) The ISO chooses the value of deviation in net load for each zone. Thus the uncertainty sets can be defined using (12) based on the confidence level in net load forecast. The uncertainty sets for the net loads for each zone can be defined using deviations from forecast values.
3) The ISO runs the step 1 robust dispatch, namely (5)- (12), on the reduced equivalent system. 4) The tie-line flows and the zonal ramp capabilities obtained from step 1 are fed to step 2. 5) In step 2 the tie-line flows obtained from step 1 are allowed to vary by . The value of can be set based on the acceptable short term deviations in flows. 6) The ISO runs the step 2 deterministic dispatch, namely (13)- (19) , on the original system. The optimization model yields the dispatch solution and the locational marginal prices. 7) The step 2 dispatch solution is implemented. The forecast information for net load is updated and the process is repeated for the next real-time market interval. Each time the two-step economic dispatch is solved we get generator dispatch solutions for the current time interval and future time intervals . The current interval solution is implemented while the future interval solutions are considered as advisory. Then we move forward in time and repeat the process, using updated forecast information on load and renewable power generation. This allows the decision maker to use updated forecast information to make dispatch decisions using a receding horizon model.
Since intra-zonal constraints are not considered in step 1 of the dispatch model, the dispatch solution does not consider all realizations of net load uncertainty. Thus, while the dispatch solution will significantly reduce shortage events, it may not eliminate them completely. In order to eliminate the price spikes completely the dispatch solution would have to be very conservative. Our model provides a balanced approach to reducing price spikes while not making the dispatch solution too conservative.
IV. CASE STUDY
In this section, a case study is presented on a modified 73 bus IEEE Reliability Test System (RTS 96) [32] . There are three identical areas each of which contain three wind farms (bus MW, bus MW and bus MW)
which we treat as negative load, while the rest are conventional generators which are controllable. The penetration of wind generation is 13% by capacity. There are 120 transmission lines and the flow limits on all lines are taken from the RTS 96 dataset. The generator costs are calculated using the average of the heat rate data presented in [33] combined with the fuel costs presented in [34] .
In the two-step robust dispatch model, in order to ensure deliverability of ramp capability, we consider a reduced equivalent 3 bus network. For the reduced system we aggregate the generation and loads in each zone at a single bus. Thus, the entire 73 bus 3 area system is reduced to 3 buses each representing one zone. In the reduced system the intra-zonal transmission line constraints are ignored while the inter-zonal flow limits are considered. For the numerical example presented in this section we use for defining the dispatch horizon. The simulation duration is 24 hours with dispatch performed for 5-min intervals, using scaled real load profile data taken from New York ISO [35] . For each dispatch instance, the net load forecast for the current interval is assumed to be accurate while the forecast for the future intervals has error. Further, it is assumed that within the current time interval any deviation of the actual net load from the schedule can be handled by the frequency regulation control.
The uncertainty set for the net load in each zone is defined by considering deviations of from the forecast net load values. The standard deviation for each zone is obtained from the previous day's actual net load data. The standard deviations of the net loads for the zones are and . We assume the value of to be 5% of the line limits used in the case study.
The robust optimization dispatch is modeled and solved in MATLAB using the CPLEX LP solver cplexlp and the YALMIP robust optimization toolbox [36] . The economic dispatch simulation is conducted on a laptop with Intel Core 2 Duo 2.2 GHz CPU with 4 GB RAM. Fig. 2 shows the output of the wind generators, which are considered as non-dispatchable and hence are included in the system net load. Further, it is assumed that there is no curtailment of the wind. The total electrical load and the total net load profiles for the system are shown in Fig. 3 . The real-time economic dispatch is simulated using the conventional deterministic single-interval model, the deterministic look-ahead model (with look-ahead horizon of one step ahead) and the proposed two-step robust model (with ). The generation profiles of the different fuel types using the proposed robust dispatch model are shown in Figs. 4 and 5. From these results we observe that both Nuclear and Coal units provide the base load, whereas Oil/Steam units are used for load following. In this scenario the Oil-fired Combustion Turbines (CT) are not dispatched for most of the day since the net load is not high and they are the most expensive generators. Thus the Oil/CT units are used as peaking units. Fig. 6 shows the system-wide LORP as well as the zonal LORP values for the two-step robust dispatch model. The system-wide value does not give a complete picture of the ramp capability since it does not consider inter-zonal tie-line flows. A situation may occur where the system-wide LORP value is acceptable, but the LORP in a particular zone is too high. In such case the system operator may have to take some action to increase the ramping capability of that zone. Also, it is observed from the difference between and values that ramp up is a greater challenge than ramp down. This observation is also seen in operator experience [16] . Table I shows the results of running the 3 real-time economic dispatch models for the given day when the net load forecast for the next time interval, namely has a forecast error of %. The computation time for the deterministic look-ahead model is larger than for the conventional model, due to the increase in the optimization problem size. In the two-step model, the first step (robust optimization) takes up most of the total computation time. The look-ahead model has higher dispatch costs than the conventional, since it sometimes backs down the fast ramping generators based on predicted net load changes and instead uses the more expensive slower units. But, the benefit is that shortage events and price spikes are reduced, as indicated by the reduction in LORP and mean LMPs. The two-step robust dispatch approach results in higher dispatch costs than both the conventional and look-ahead dispatch models. The robust optimization based approach results in a conservative solution which leads to higher dispatch costs. However, this approach leads to a lower number of shortage events and hence reduces the need for out of market manual corrections. These corrections add to the cost of electricity since power may have to be procured from very expensive generators in order to maintain the system energy balance. Thus, the proposed robust approach gives a significantly lower system-wide LORP. Further, this approach yields lower mean of Locational Marginal Prices (LMPs), which is a result of reducing the number of price spikes in the real-time market. These features make the robust approach attractive to system operators. The conservatism of the solution can be controlled based on the selection of the uncertainty set. A larger uncertainty set around the nominal net load value will lead to a more conservative solution. Thus, there is a trade-off between dispatch costs and the robustness of the dispatch solution. Table II shows the economic dispatch results when the net load forecast error is increased to %. In this case with the two-step robust dispatch approach we get mean , whereas with the deterministic look-ahead dispatch we get mean and with the conventional dispatch approach we get mean . Thus the proposed two-step robust approach is able to ensure the LORP value even with higher net load forecast error. The LORP is ensured by incorporating operating conditions and forecast quality into the procurement of the ramp capability. Fig. 7 shows the mean index values for the entire day for all the 3 zones. The robust approach has lower values than both conventional as well as look-ahead dispatch. Thus, it is more reliable in terms of zonal ramp capability. 
V. CONCLUSION
This paper presents an operational flexibility metric for evaluating system ramp capability in real-time economic dispatch. The proposed LORP index can be used by the system operator for situational awareness of the robustness of the economic dispatch solution to uncertainty and variability in the net load. Additionally, this flexibility metric is independent of the dispatch model and can be used to compare different real-time economic dispatch methods.
Further, a two-step robust optimization based real-time economic dispatch model is proposed to ensure deliverability of ramp capability between operating zones in multi-zonal systems. The proposed approach meets inter-zonal tie-line flow limits under the worst case of net load uncertainty and thus provides a more reliable zonal ramp capability than in the conventional dispatch model. A case study is presented on a modified 3 zone 73 bus IEEE (RTS-96) test system to illustrate the proposed system and zonal flexibility metrics, as well as the two-step robust dispatch model. Future work will include the application of the two-stage adaptive robust optimization approach in our proposed two-step dispatch model [21] . We will also study the optimum horizon for the proposed robust dispatch approach when applied to the multi-interval economic dispatch problem. Another avenue of future research will focus on reducing the computational effort and implementation complexity while guaranteeing the operational flexibility.
